Tendon springs influence locomotor movements in many terrestrial animals, but their roles in locomotion through fluids as well as in small-bodied mammals are less clear. We measured muscle, tendon and joint mechanics in an elbow extensor of a small fruit bat during ascending flight. At the end of downstroke, the tendon was stretched by elbow flexion as the wing was folded. At the end of upstroke, elastic energy was recovered via tendon recoil and extended the elbow, contributing to unfurling the wing for downstroke. Compared with a hypothetical 'string-like' system lacking series elastic compliance, the tendon spring conferred a 22.5% decrease in muscle fascicle strain magnitude. Our findings demonstrate tendon elastic action in a small flying mammal and expand our understanding of the occurrence and action of series elastic actuator mechanisms in fluid-based locomotion.
Introduction
When the limbs of terrestrial animals collide with the ground during locomotion, the rapid rise in limb muscle force often leads to stretch of the tendons that connect muscles to the bones they move [1 -4] . By operating as biological springs, compliant tendons play several well-known and important roles in terrestrial locomotion, all involving relaxation of the temporal relationship between muscle contraction and joint movement [2, 5] (figure 1). For instance, the elastic stretch and recoil of series elastic elements allows muscle to operate at contraction speeds favourable for force and power production [2, 5] , and facilitates recovery of mechanical energy with each stride during running and hopping [3,6 -9] . Elastic mechanisms are widespread among large running animals [2, 4, 7, 9] , but the limb muscles of small mammals (less than 1 kg) may not generate sufficient force to stretch their tendons, which often are relatively thick and stiff [1, [10] [11] [12] .
Wings and fins interact with their fluid environments without collisional impact, preventing impact-driven tendon stretch during flight and swimming. However, evidence suggests that tendons store and recover energy to decelerate and reaccelerate limb elements during cyclic movements in aerial and aquatic locomotion [13] [14] [15] , and tendon action could contribute up to 60% of the net mechanical work for wing upstroke in pigeons [16] .
In addition to the potential role of tendon in energy storage and recovery, there may be other benefits to transmitting muscle force via tendons. Elongated tendons allow muscles to be positioned proximally, and the concentration of muscle mass near the limb centre of rotation decreases the mass moment of inertia of the limb [2, 17] . This may be a particularly important trait in bats, which rapidly oscillate heavy wings and thus incur non-negligible inertial costs during flight [18] [19] [20] .
We combined X-ray-based three-dimensional high-speed visualization and modelling techniques with tissue mechanical testing to study an elbow extensor muscle, the monoarticular lateral head of triceps brachii, during ascending flight in the phyllostomid fruit bat Carollia perspicillata (electronic supplementary & 2015 The Author(s) Published by the Royal Society. All rights reserved. material, movies S1 and S2). We asked if the tendon of triceps acts elastically to let joint extension occur at a delay from muscle shortening, or inelastically to transfer movement directly, like a servo cable in an aircraft wing. The latter finding would be consistent with the hypothesis that small mammals have relatively stiff tendons [1, 11] . We predicted that if the tendon is relatively stiff, the muscle fascicles of triceps would lengthen during elbow flexion, and elbow extension would occur during muscle fascicle shortening (figure 1a). Alternatively, if the tendon is relatively compliant, its stretch during muscle contraction would be out of phase with muscle length change and joint motion (figure 1b). To test between these alternatives, we compared direct in vivo measurements of muscle fascicle length change measured by fluoromicrometry [21] to the strain of the whole muscle tendon unit (MTU), measured from three-dimensional models generated using X-ray reconstruction of moving morphology (XROMM) [21] [22] [23] (figure 2a-f and electronic supplementary material, movie S3).
Methods (a) Subjects and experiment design
Four similarly sized male C. perspicillata (Seba's short-tailed bat; body mass of 16.1, 18.2, 18.7 and 19.1 g with wingspans ranging from 293 to 297 mm) were used in this study. All experiments and animal husbandry complied with a protocol approved by the Brown University IACUC and with USDA regulations.
Ascending flight trials were elicited within a vertically oriented thin-walled plastic cylinder (diameter: 400 mm, height: 600 mm), which helped confine subject movements to the spherical imaging volume (diameter: 220 mm) of the biplanar high-speed fluoroscopy system. Following flight training within this arena, subjects were anaesthetized via facemask (isoflurane, 1-2.5%; O 2 , 0.8 l min 21 ), surfaces for skin incisions were depilated (Veet), and radio-opaque tantalum spheres were implanted during sterile procedures.
(b) Focus muscle and instrumentation
Muscle length was measured in vivo using three-dimensional motion tracking of 0.5 mm tantalum spheres implanted at the myotendinous junctions of the lateral head of triceps brachii, a monoarticular elbow extensor with near-parallel-fibred architecture. Tantalum spheres (0.4 mm) were also implanted into the humerus and radius to reconstruct wingbeat kinematics and muscletendon unit length. The medial border and acromion process of the scapula were marked by piercing the approximately 0.4 mm thick bone with 26G hypodermic needles, threading 30G silver wires through the bone perforation and twist-tying 1.0 mm laserperforated tantalum spheres tightly to the bone (electronic supplementary material, figure S1 ). During ascending flight, biplanar recordings of marker positions were taken using two high-resolution (1760 Â 1760 pixel), high-speed (330 fps) cameras recording at 500 ms shutter speed through two X-ray systems (X-ray technique: 53-55 kV; 250 mA; 145 cm SID). Muscle activity was measured from the triceps lateral head using fine-wire electromyography [24] . Elbow kinematics were calculated from tracked wing bone markers, and muscle length change trajectory was calculated via fluoromicrometry [21] from the myotendinous junction markers.
(c) Post-mortem data acquisition
To obtain XROMM reconstruction of in vivo movement of the scapula, humerus and radius (figure 2; electronic supplementary material, movie S2), we obtained mCT scans. One scan came from the American Museum of Natural History (29 mm isovolumetric voxels, GE phoenix vjtomejx s240) while the other three bats were scanned at Stony Brook University (36 mm isovolumetric voxels, Scanco mCT40; n ¼ 3). The scans were segmented in OsiriX and registered to the digitized three-dimensional marker constellations using a combination of marker-based XROMM [22] and scientific rotoscoping workflows [23] .
The precision for conventional marker-based XROMM has been calculated to be 0.1 mm based on the standard deviation of rigid body intermarker distances [22] . To reconstruct scapula and humerus position in the small bats studied here, we increased the spatial resolution of the X-ray system to 4.0 lp mm 21 (measured using a line-pair graticule), by using high magnification (Mag II), at the expense of visualization volume. The error in rigid-body reconstruction and muscle marker position for a given flight sequence was estimated using the standard deviation for intermarker distance, which depends on the bone and marker. For the in-dwelling bone markers, mean precision was 0.076 mm (range: 0.096-0.062 mm); for the twist-tied laser-perforated markers, mean precision was 0.050 mm (range: 0.500-0.021 mm; n ¼ 4 bats).
Instantaneous MTU length was measured in MAYA (Autodesk) as each XROMM reconstruction moved through in vivo elbow positions from 48 ascending flight wingbeats in three subjects. MTU length was measured with locators parented to the triceps muscle scar on the proximal humerus, and to the sesamoid insertion onto the olecranon, superficial and proximal to the elbow joint. XROMM models and fluoromicrometry data were then used to digitally calculate the relationship between triceps MTU displacement and elbow joint position. For one bat, XROMM reconstructions were not possible because of marker collinearity issues (see [22] for further explanation of this phenomenon). For this bat, the relationship between MTU excursion and joint position was determined in a tendon travel experiment [25] .
Linear regressions of MTU length change (mm) against elbow joint position (radians) revealed a linear relationship across the operational range of the muscle for all individuals (electronic supplementary material, figure S2 ). We used the slope of the regression line to calculate MTU length for the 81 wingbeats that were not reconstructed using XROMM models but for which elbow flexion-extension kinematics were measured via three-dimensional motion tracking of bone markers. The vertical position of the wrist was used to identify reversal points between upstroke and downstroke for all wingbeats. To explore the phase relationship between stretch-shortening of the triceps muscle and flexion -extension of the elbow, we used analyses of 
(d) Tendon mechanical testing
We performed tendon mechanical testing to compare mechanical properties of the tendons with their in vivo mechanical behaviour; methodology followed a published study [26] . Briefly, MTUs (n ¼ 15) were excised from bats that had been frozen shortly after death. The three head muscle complex was dissected in isotonic saline and pennation angle, muscle fascicle length and muscle mass were measured for each head to calculate muscle physiological cross-sectional area (PCSA) [27] . Theoretical peak isometric muscle force, achievable if the muscle complex was simultaneously and maximally activated during an isometric contraction, was calculated as the product of PCSA (0.093 + 0.009 cm 2 ; n ¼ 15 muscle complexes) and a reasonable estimate of specific tension for mammalian skeletal muscle of 230 kPa [27] . This value was chosen from the wide range of published values because it came from fast-fibred cat muscle, and bat flight muscles are composed mainly of fast fibres [28] .
During mechanical testing, the proximal tendon sheet was secured in a fixed clamp and a stiff Kevlar line anchored the distal sesamoid to the lever of an ergometer (Aurora Scientific, 305B-LR). Markers for motion tracking were painted on the free tendon using a fine ink pen. Each tendon was subjected to 19 stretch-shortening cycles (90 s cycle duration, 12.5% L 0 ). Figure 5 shows the penultimate period of stretch for seven tendon specimens for which testing was successful. Each trial was video recorded (Photron Fastcam 1024 PCI). Surface marker positions were digitized frame by frame in XRAYPROJECT [22] to calculate instantaneous tendon strain during ramp lengthening, free from artefact owing to tendon slippage or end effects. After testing, tendons were embedded in cryohistological medium, and 15 mm thick cross sections were taken on a cryotome and photographed. Tendon cross-sectional area (0.34 + 0.04 mm 2 ) was measured in IMAGEJ as the average of seven measurements from tendon sections where rupture did not occur (n ¼ 15). The agreement between in vivo estimates of tendon mechanical behaviour and tendon behaviour predicted from mechanical testing and estimated muscle stress was then assessed. This was done by comparing in vitro measurements of tendon stress versus strain with in vivo estimates of rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151832 tendon strain from the XROMM model versus peak isometric muscle force for the three muscle heads of triceps.
Results
XROMM modelling revealed the expected stretch-shortening cycle pattern for a monoarticular extensor MTU: lengthening during elbow flexion and shortening during elbow extension ( figure 2g,h) . The elbow underwent excursion of 59 + 148 (mean + s.d.), and the length change of the MTU was 1.7 + 0.3 mm (6.5 + 0.8% strain). The observed change in muscle fascicle length 1.2 + 0.2 mm (16.7 + 0.45% strain; figure 2i) was significantly less than the change in length of the whole MTU (repeated-measures ANOVA; F 3,118 ¼ 45.52; p , 0.001). The pattern of muscle fascicle length change differed substantially from the patterns of MTU stretch-shortening and elbow flexion-extension ( figure 2g-i) .
The relationship between muscle fascicle length and elbow joint position showed distinct phases for all bats (figure 3). In three bats ( figure 3a-c) , four distinct phases were apparent: (i) initiation of elbow flexion, which coincided with stretch of the muscle fascicles; (ii) the primary phase of elbow flexion, during which the muscle fascicles remained near-isometric and the tendon underwent the majority of stretch; (iii) initiation of elbow extension, during which the muscle fascicles shortened; and (iv) the primary phase of elbow extension, coincident with near-constant or slightly increasing muscle fascicle length, the main period of tendon recoil. In one bat (figure 3d), phase (iii) was defined by muscle shortening, not by joint extension and phase (iv) was prolonged, so that the majority of elbow extension occurred with the muscle fascicles remaining near-isometric. Electromyographic recordings (figure 2i) showed that the triceps was activated during phase (ii) (mid-upstroke) and remained active throughout phase (iv) (downstrokeupstroke transition). A cross-covariance analysis of the phase-relationship between muscle length change and joint motion showed that elbow flexion-extension lagged stretchshortening of the triceps muscle fascicles by 17 + 7% of the wingbeat duration (n ¼ 66 wingbeats; figure 4).
During elbow flexion, the tendon stretched 9.1 + 1.7% (figure 2h). The lengthening strains observed in the tendon in vivo fell within the range predicted based on ex vivo measurements of tendon stress-strain behaviour and calculations of peak isometric force based on muscle PCSA (2.1 + 0.31 N; mean + s.d., n ¼ 15 muscles; figure 5 ).
Discussion
The main goal of our study was to determine the mechanical function of a bat wing tendon: bat wing bones are highly elongated [29] , and wing muscles such as triceps insert via tendons that appear elongated compared with those of other small non-volant mammals. The influence of tendon compliance is apparent in the phase lag between muscle fascicle strain and joint angle (illustrated schematically in figure 1b) , which is 17% of the wingbeat cycle on average (figure 4). The pattern of strain is also different for the triceps muscle fascicles and the MTU, indicating that much of the elbow joint motion is owing to tendon action rather than due to muscle fascicle length change ( figure 3) . We suggest that stretch of the tendon owing to elbow flexion may cause a figure S2 ). This regression also predicts the relationship between muscle length and elbow angle for an MTU with a non-compliant tendon (i.e. a stiff system). Grey projections to the y-axes (and dashed arrows in a) indicate the muscle fascicle length change required in a stiff system to actuate the average amount of elbow joint motion observed in vivo. Vertical double-arrows indicate the mean shortening of triceps muscle fascicles across wingbeats. The magnitude of muscle shortening relative to the predicted value for the condition of no tendon compliance, epsilon, was 22.5% lower, averaged over all individuals and trials.
rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151832 reduction in the magnitude of muscle-shortening strain to generate elbow extension by 22.5% on average compared with a hypothetical stiff system lacking tendon compliance ( figure 3) . Because of the relaxation of the temporal link between muscle contraction and joint motion, the rate of elbow extension remains high (1511 + 3178 s
21
), regardless of the mode of muscle contraction during elbow extension (figure 6).
(a) Mechanical action of tendon in flight
Our measurements support the hypothesis that elastic action of the triceps tendon in C. perspicillata recycles mechanical energy across stroke transitions during ascending flight. The observed patterns of elbow motion and tendon length change indicate that energy is loaded into the tendon by forces associated with deceleration of the wing during elbow flexion late in downstroke. Although the patterns appear consistent with tendon loading by inertial forces, we cannot discriminate between contributions from inertial, aerodynamic and antagonist muscle force. The muscle fascicles generate tension during the transition between downstroke and upstroke, which allows energy to be stored in the tendon, and muscle contraction may contribute further energy storage. Energy is released via tendon recoil to power elbow extension during late upstroke, a critical element in positioning the wing for generating aerodynamic force production during downstroke.
Bats may not be the only animals to use elastic energy storage in wing muscles. A study of the pigeon humerotriceps, the evolutionary homologue of the muscle studied here, provided similar evidence of a phase lag between elbow motion and muscle fascicle length change, indicating that elbow flexion occurs with near-isometric muscle fascicles [15] . This phase lag suggests an influence of tendon elasticity, as hypothesized previously [30, 31] . An important role for tendon elasticity in the primary elevator of the wing, the supracoracoideus, has also been shown in pigeons. Shortening of supracoracoideus muscle fascicles precedes the initiation of upstroke by greater than 10% of the wingbeat cycle, indicating that stretch and recoil of the slender tendon helps power upstroke [16] .
In other flight muscles, there appears to be little role for tendon elastic action. In the avian pectoralis, the relationship between muscle fascicle length and joint position is relatively direct, a finding that is consistent with limited series elastic compliance [15, 16, 32, 33] . In this stiff system, near-direct transmission of muscle strain to joint motion means that the pectoralis acts primarily as a controller of wing element position (figure 1a). By contrast, our results suggest that the bat triceps acts as a force controller (figure 1b), where joint motion emerges from the mechanical action of compliant tendon [34] .
Although many other wing muscles in bats and birds also insert via long tendons, it is important to note that tendon presence alone is not sufficient to establish that significant elastic energy storage and recovery occurs. Many tendons are too stiff relative to the force generation capacity of their muscle to lead to significant recovery of mechanical energy [11] . For example, the mallard gastrocnemius tendon shows only slight evidence of elastic energy recovery during swimming and running, because the gastrocnemius musculature Figure 5 . Quasi-static mechanical testing of tendons. In C. perspicillata, the triceps complex comprises three muscle heads that insert via a common tendon and stress-strain curves are shown for seven such tendons (identified by colour). Circles indicate tendon strain corresponding to the estimated peak isometric force for the muscle complex. Grey projection to y-axis indicates the peak isometric force range for the set of seven muscle complexes. The vertical box plot provides peak isometric force values for an additional sample of 15 triceps muscle complexes where tendon stress-strain data were not obtained. Grey projection to x-axis indicates the predicted range of tendon strains based on this set of values. Horizontal box plot shows in vivo tendon strains, as calculated from XROMM models of 48 ascending flight wingbeats. does not generate high enough forces to load energy into the tendon [35] . More broadly, it has been suggested that the limb tendons of small mammals tend to be mechanically 'overbuilt' because of scaling patterns and that the associated low tendon strains limits the role of elastic energy recovery in small animals [11, 12, 36, 37] . However, this suggestion is not supported by our results for the bat triceps tendon. In addition, long tendons decrease the limb mass moment of inertia [2, 17] and can contribute to reducing inertial costs, which may be important during flight [18] [19] [20] . Hence, the presence of long tendons, compliant or not, probably benefits the mechanical function of vertebrate wings.
In undulating swimmers, a role for tendon action in energy recycling across stroke transitions has been hypothesized for tail tendons. However, direct force measurements from tail tendons in thunniform swimmers suggest a function as inextensible force transmitters [38] , and analyses of cetacean fluke tendons have yielded conflicting conclusions [14, 39] .
(b) Force-versus position-based control of jointed systems
Our finding in bats of a phase lag between muscle contraction and joint movement of 17% wingbeat duration (figure 4) indicates that the mechanical function is more likely to be force-than position-based. Human-engineered jointed systems typically rely on direct position control (figure 1a), because designs that avoid compliant elements in series with the actuator tend to simplify the control algorithms. However, an actuator in series with a spring (figure 1b) allows for a force-based control strategy that provides several potential advantages over direct position control [2, 34] . These advantages have only recently been harnessed in designs of ground-locomoting robots [40] . The possible advantages of series elastic compliance could be valuable for bioinspiration with the accelerating development of small flying robots and autonomous flapping micro air-vehicles.
Conclusion
A tendon spring in the bat wing relaxes the temporal link between triceps muscle fascicle shortening and elbow joint motion, resulting in storage of inertial energy associated with wing element deceleration. Tendon elastic energy is then recovered to aid in elbow extension. The series elastic compliance in this system also reduces the muscle-shortening strain required to extend the elbow. These findings broaden our knowledge about the occurrence and function of biological springs by providing a robust demonstration of the importance of recovery of elastic energy from a limb muscle tendon to effect fluid-based locomotion in a small mammal. Detailed modelling could be employed in future studies to quantitatively estimate energy stored and released in bat wing muscle tendons.
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